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Abstract 

The  aim  of  the  present  paper  was  to  determine  the  electrochemical  state  of  the  positive  electrodes  during  the  formation  process  using 
the  electrochemical  impedance  spectroscopy  (EIS)  and  cyclic  voltammetry  (CV).  The  investigations  of  typical  positive  electrodes  were 
carried  out  for  12  states-of-electroformation  (SOE).  It  was  found  that  during  electroformation  the  positive  electrodes  undergo  dramatic 
changes  which  are  reflected  in  EIS  spectra.  SOE  strongly  influences  the  equivalent  electrical  circuit  and  the  range  of  impedance  spectrum 
of  non-inductive  character.  The  obtained  results  showed  that  EIS  technique  can  be  used  as  a  sensitive  method  allowing  to  distinguish  the 
consecutive  steps  of  electroformation.  The  conclusions  drawn  from  EIS  measurements  are  confirmed  by  CV  measurements  performed  for 
selected  SOEs. 

©  2003  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

The  electroformation  process  is  the  last  step  in  the  lead- 
acid  battery  manufacturing.  The  standard  methods  employed 
to  control  this  process  are  based  on  the  measurements  of  the 
following  parameters: 

•  electrolyte  density, 

•  temperature  of  cells, 

•  amount  of  charge  accumulated, 

•  cell  voltage. 

The  above  parameters  allow  neither  the  indication  of  the 
completion  of  electroformation  nor  the  estimation  of  the 
amount  of  lead  dioxide  generated. 

Hughes  et  al.  [1]  carried  out  the  electrochemical  impe¬ 
dance  spectroscopy  (EIS)  measurements  for  two  batches 
of  lead-acid  cells,  involving  the  freshly  produced  cells  and 
those  which  worked  for  5  years.  The  authors  revealed  es¬ 
sential  differences  in  EIS  spectra  recorded  for  batteries  be¬ 
longing  to  each  set.  In  the  next  paper  [2],  they  pointed  out 
that  the  value  of  ohmic  resistance  is  useful  for  determin¬ 
ing  the  state-of-charge  (SOC)  because  this  parameter  di¬ 
rectly  relates  to  specific  gravity  of  electrolyte.  Bottcher  and 
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Panesar  [3]  presented  the  impedance  model  of  PbCB  elec¬ 
trode  as  a  complex  system  composed  of  four  subsystems 
connected  in  series.  Jinda  et  al.  [4]  characterized  lead-acid 
cells  using  EIS  method  during  galvanostatic  charging.  They 
showed  that  during  the  first  half  of  the  charging  period  the 
impedance  of  cell  is  controlled  by  the  positive  electrode 
whereas  on  further  run  the  kinetics  of  charging  depends  on 
the  processes  occurring  at  negative  electrodes.  Viswanathan 
et  al.  [5]  investigated  typical  lead-acid  cells  (4  V,  3  Ah;  4  V, 
9  Ah;  6  V,  6.5  Ah)  and  observed  that  ohmic  resistance  de¬ 
creased  as  SOC  increased.  From  the  analysis  of  equivalent 
electrical  circuit  they  concluded  that  capacitance  of  double 
layer  and  SOC  increases  in  parallel.  In  1998,  Huet  [6]  re¬ 
viewed  the  practical  application  of  EIS  for  determining  both 
SOC  and  the  state-of-health  (SOH)  in  secondary  cells.  The 
conclusion  was  that  the  determination  of  SOC  and  SOH  for 
lead-acid  cells  by  EIS  should  be  performed  in  the  high  fre¬ 
quency  range  from  10  to  100  Hz.  Harden  et  al.  [7]  used  EIS 
method  for  characterization  and  modeling  the  industrial  bat¬ 
teries.  EIS  measurements  carried  out  for  cells  and  half-cells 
have  shown  that  the  results  are  reproducible  and  provide 
information  about  the  processes  occurring  inside  lead-acid 
battery.  Hammouche  et  al.  [8]  investigated  the  oxygen  and 
hydrogen  evolution  reaction  in  flooded  lead-acid  batteries 
by  EIS  technique.  Based  on  the  results  obtained,  the  authors 
concluded  that  gassing  processes  proceeding  in  lead-acid 
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battery  can  be  distinguished  by  EIS  in  the  frequency  range 
2-0.005  mHz.  Salkind  et  al.  [9]  used  EIS  method  to  exam¬ 
ine  small  valve  regulated  lead-acid  batteries  (VRLA).  The 
objective  of  this  work  was  to  characterize  VRLA  batter¬ 
ies  at  different  SOC.  The  authors  concluded  that  SOC  can 
be  described  by  EIS  data.  Examining  the  discharge  mech¬ 
anism  of  active  material  of  the  positive  electrode  by  EIS 
method,  Pavlov  and  Petkova  [10,11]  assigned  two  equiv¬ 
alent  electrical  circuits,  described  by  codes  R(Q[RQ ])  and 
R(RQ)(Q[RQ]),  to  charged  and  discharged  state  of  positive 
electrode,  respectively.  The  authors  showed  that  elements 
of  the  equivalent  circuits  changing  during  cycling,  such  as 
Rcl  (charge-transfer  resistance),  Aj  (resistance  of  interface), 
Rq  (ohmic  resistance)  and  Rdiff  (resistance  of  diffusion),  are 
useful  in  determining  SOH  and  make  the  indication  of  the 
state  of  positive  electrode  near  the  end  of  life  possible. 

After  considering  the  reports  mentioned  above,  we  de¬ 
cided  to  use  EIS  method  to  examine  the  electroformation 
process  of  positive  electrodes  of  lead-acid  cell.  The  EIS 
measurements  were  carried  out  to  control  the  state-of- 
electroformation  (SOE).  The  main  objective  of  this  work  was 
to  estimate  the  characteristic  parameters  of  the  impedance 
spectra  and/or  the  equivalent  electrical  circuits  in  relation 
to  SOE.  SOE  was  divided  into  12  time  intervals  of  charging 
selected  based  on  the  potential  profile  of  electrode. 

2.  Experimental 

The  raw  materials,  lead  powder  from  Barton’s  pot  and 
lead  alloys,  used  for  manufacturing  the  grids  casting  were 
received  from  AUTOPART-Mielec  (the  Polish  producer  of 
starter  batteries).  The  positive  electrodes  (the  working  elec¬ 
trodes)  were  prepared  by  pasting  positive  active  material 
(made  by  mixing  2000  g  of  lead  oxide  powder,  270  cm3 
of  water  and  160  cm3  of  H2SO4  with  specific  gravity 
1.4g/cm3)  onto  grids  made  of  Pb-1.3Sb  alloy.  Upon  curing 
in  air  (45  °C,  98%  relative  humidity),  3Pb0PbS04H20 
(3BS)  was  formed.  Then  one  positive  electrode  was  verti¬ 
cally  placed  between  two  negative  electrodes  made  of  the 
same  alloy  and  the  set  of  electrodes  was  then  put  into  the 
box  filled  with  sulfuric  acid  solution  (1.25  g/cm3).  The  ca¬ 
pacity  of  experimental  cell  was  2  Ah.  Because  the  charge 
limiting  electrode  was  the  positive  electrode,  its  capacity 
was  recognized  as  identical  to  the  complete  cell.  After  1  h  of 
soaking,  the  electrodes  in  the  experimental  cells  were  sub¬ 
jected  to  the  electroformation  process  with  current  density 
3  mA/cm2  for  50  h. 


Time  of  electroformation  [hours] 

Fig.  1 .  Potential-time  (dashed  line)  and  voltage-time  (solid  line)  character¬ 
istics  recorded  during  electrofomation  of  positive  electrode  and  lead-acid 
cell,  respectively. 

Based  on  the  literature  data  [12-14],  the  period  of  elec¬ 
troformation  was  divided  into  the  time  intervals  depending 
on  the  processes  expected  to  occur  on  positive  electrode. 
At  the  beginning  of  the  process,  involving  the  chemical  and 
electrochemical  reactions  taking  place  in  parallel,  the  time 
intervals  were  1-2  h.  Next,  two  intervals  were  expanded  to 
5h.  Assuming  that  the  changes  in  chemistry  and  electro¬ 
chemistry  of  positive  electrode  proceed  slower  for  advanced 
SOE,  the  last  three  time  intervals  were  twice  prolonged. 

EIS  measurements  (in  the  frequency  range  10  mHz- 
60  kHz  with  ac  voltage  amplitude  ±5  mV)  were  performed 
in  a  three-electrode  arrangement  for  the  positive  electrodes 
(52  mm  x  42  mm  x  2  mm).  The  impedance  spectra  were 
recorded  at  the  given  steps  of  electroformation  (Table  1). 
Using  a  three-electrode  system,  the  positive  electrode  (the 
working  electrode)  was  sandwiched  between  two  negative 
electrodes  (the  counter  electrode)  and  the  Hg/Hg2S04/l  M 
H2S04  reference  electrode  was  placed  in  the  electrolytic 
cell  at  vicinity  to  the  positive  electrode.  After  the  time  when 
electroformation  was  reached  the  charge  current  was  cut 
off  for  30  min  and  the  potential  of  electrode  was  allowed 
to  drop  until  the  stable  value  was  attained  and  then  EIS 
measurements  were  started  (see  Fig.  1).  EIS  measurements 
were  performed  using  the  Solartron  1260  impedance  ana¬ 
lyzer  coupled  with  the  PAR  273A  potentiostat-galvanostat. 
For  each  impedance  spectrum,  the  equivalent  electrical 
circuit  was  calculated.  Frequency  response  analyzer  soft¬ 
ware  (FRA  2.4)  was  used  for  fitting  elements  of  equivalent 
circuit. 

For  description  of  the  equivalent  electrical  circuits,  the 
following  symbols  are  used  throughout  the  paper:  Rq:  ohmic 
resistance;  C:  double  layer  capacitance;  /?cti  2;  charge  trans¬ 
fer  resistance;  Qdii,2:  constant  phase  element  representing 


Table  1 

Stages  of  electroformation  for  positive  electrode  determined  by  EIS  measurements  in  relation  to  the  state-of-electroformation  (SOE) 


1  2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Time  of  electroformation  (h) 

0  1 

2 

3 

5 

7 

9 

14 

19 

29 

40 

50 

Capacity  charged  (Ah) 

0  0.13 

0.26 

0.39 

0.65 

0.91 

1.17 

1.82 

2.47 

3.77 

5.20 

6.50 

Positive  electrode 

Stage  A 

Stage  B 

Substage  1 

Substage  2 

Substage  1 

Substage  2 
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double  layer  capacitance;  gdiff :  constant  phase  element  rep¬ 
resenting  the  change  of  diffusion  layer. 

The  cyclic  voltammetry  (CV)  measurements  of  the  posi¬ 
tive  electrodes  (15  mm  x  15  mm  x  2  mm)  were  performed 
in  sulfuric  acid  solutions  (1.25  g/cm3)  in  the  potential 
range  from  +800  to  +1750mV  using  Autolab  PSTAT-30 
potentiostat-galvanostat.  The  measurements  were  perfor¬ 
med  for  positive  electrodes  earlier  galvanostatically  oxi¬ 
dized  during  2,  3,  5,  9  and  19  h  of  electroformation.  CV 
measurements  with  a  scan  rate  of  2mV/s  were  performed 
in  a  three-electrode  cell  identical  to  that  used  for  EIS  mea¬ 
surements. 

All  electrochemical  measurements  were  made  at  a  tem¬ 
perature  of  20  °C. 


3.  Results  and  discussion 

3.1.  Impedance  measurements 

The  description  codes  of  the  equivalent  electrical  circuits 
and  the  values  of  fitting  parameters  are  presented  in  Table  2. 


For  the  fitting  procedure  the  region  of  non-inductive  charac¬ 
ter  was  only  taken  from  the  impedance  spectrum.In  agree¬ 
ment  with  the  mechanisms  of  electroformation  for  positive 
electrodes  reported  earlier  [12-14],  the  process  examined 
here  is  composed  of  two  stages.  The  first  stage  occurring  for 
4h  is  connected  with  the  chemical  reaction  between  H2SO4 
and  tet-PbO  and  the  electrochemical  reaction  resulting  in 
the  formation  of  a-  and  partially  [B-PbCK  During  the  second 
stage,  lead  sulfate  is  oxidized  only  to  (3-PbC>2  form.  Papazov 
[14]  reported  that  during  the  first  stage  of  formation  85-90% 
of  charge  is  consumed  for  the  conversion  of  the  active  mate¬ 
rial  of  electrode  and  only  10-15%  for  gas  evolution.  During 
the  second  stage  of  formation  the  situation  is  opposite. 

Pavlov  et  al.  [12]  using  the  electroformation  current  den¬ 
sity  of  5  mA/cm2  attained  the  first  stage  of  electroformation 
before  4h  and  after  this  time  the  second  stage  developed. 
Because  in  the  present  paper,  the  electroformation  current 
density  was  3  mA/cm2  (1.67  times  lower)  and  taking  into 
account  that  the  thicknesses  of  working  electrodes  used  by 
Pavlov  et  al.  and  by  us  were  comparable,  the  first  stage  was 
attained  by  us  before  7h  of  electroformation  (denoted  as 
stage  A  in  Table  1).  Based  on  this,  it  is  justified  to  assume 


Table  2 


Values  of  fitting  parameters  of  equivalent  circuits  for  impedance  spectra  recorded  during  electroformation  of  positive  electrode 


SOE 

Description  code 

Non-inductive 
frequency 
range  (Hz) 

Values  of  fitting  parameters 

1 

SnP?ctl6dll)(ftt;t2Gdl2) 

1423-0.01 

Ra  =  0.1739  £2 
Rct2  =  85.30  £2 

Rctl  =  12.45  £2 

Gdi2  =  0.1863  x  10~2 

Gdli  =  0.9605  x  10-3 
/?di2  =  0.7630 

ndii  =  0.8793 

2 

Rq(RcH  Gdll  KSct2  Gdl2) 

1423-0.01 

Rq  =  0.1449  Q 

Rct  2  =  6.44  Q 

R  cti  =  0.0548  £2 

Qdn  =  8.099 

Gdii  =  4.428 
ndi2  =  0.8738 

»dii  =  0.3991 

3 

Ra(Rai  Gdii  )(Rc  t2  Gdu) 

1423-0.01 

Ra  =  0.1377  £2 
Sct2  =  7.4400  £2 

Rc,i  =  0.0726  £2 

Gdi2  =  15.9600 

Qdn  =  30.75 
nd\2  =  0.9053 

«dii  =  0.3180 

4 

SnlGdll  [Rctl  Gdiff ])(^ct2 Gdl2 ) 

1423-0.01 

Ra  =  0.1439  £2 
Gdiff  =  19.37 
nd\2  =  0.8741 

Gdii  =  1-727 
iidiff  =  0.9567 

«dii  =  0.5093 

Rct2  =  0.0231  £2 

Red  =  0.0397  £2 
Gdi2  =  25.64 

5 

(  Gdl  1  P?ct  1  Gdiff  ]  )(Kct2  Gdl2  ) 

1067-0.01 

Ra  =  0.1438  £2 
Gdiff  =  34.98 
m\2  =  0.7742 

Gdii  =  3.085 
rtdiff  =  0.9760 

«dll  =  0.5070 

Rct2  =  0.0281  £2 

Rcti  =  0.0258  £2 
Gdi2  =  57.55 

6 

R&(Rct  \  Gd  12]) (^ct2  Gdiff  ) 

1067-0.01 

Ra  =  0.1419  S2 
Gdl2  =  1.512 
iidiff  =  0.8744 

Rc.,i  =  0.0097  £2 
«di2  =  0.5977 

Gdii  =  52.74 

Ra2  =  0.0250  £2 

»dii  =0.9317 
Gdiff  =66.31 

7 

Kn(RctiGdii)(Gdi2[Rc,2Gdiff]) 

1067-0.01 

Ra  =  0.1423  £2 
Gdl2  =  1.100 
iidiff  =  0.9284 

Rcll  =  0.0127  £2 
iidl2  =  0.6575 

Gdll  =  100.4 

Sct2  =  0.0217  £2 

Wdii  =  0.7718 
Gdiff  =64.15 

8 

Ss2(i?ctl  Gdll  XGdl2[Kct2 Gdiff]) 

800-0.01 

Ra  =  0.1412  £2 
Gdl2  =  1.494 
«diff  =  0.9502 

Rc.,l  =  0.0187  £2 
iidl2  =  0.7434 

Gdii  =  202.9 

Sct2  =  0.01 16  £2 

fi dii  =  0.5702 
Gdiff  =  88.57 

9 

R&(Rct  \  Gdll )(Gdl2 P?ct2 Gdiff ]) 

600-0.01 

Ra  =  0.1356  ft 

C  =  29.83  F 

Rc,l  =  0.0160  £2 

Rct2  =  0.0155  £2 

Gdii  =  19.93 

Gdiff  =  125.3 

Hdii  =  0.5666 

«diff  =  0.8601 

10 

Rn(Rctl  Gdll  )(CP?ct2 Gdiff  1) 

337-0.01 

Ra  =  0.1374  £2 

C  =  30.79  F 

Rcll  =  0.0134  £2 

Rc,2  =  0.0135  £2 

Gdii  =  15.38 

Gdiff  =  128.2 

Hdii  =  0.6324 
»diff  =  0.8960 

11 

RaiRcti  Gdii  )lC[i?ct2  Gdiff  1) 

337-0.01 

Ra  =  0.1352  £2 

C  =  16.42  F 

Rc.,l  =  0.0107  £2 

Rci2  =  0.0124  £2 

Gdii  =  4.291 

Gdiff  =  224.4 

ii dii  =  0.7670 
iidiff  =  0.7659 

12 

Rti{Rctl  Gdll  XCP?ct2  Gdiff]) 

337-0.01 

Ra  =  0.1338  £2 

C  =  25.90  F 

Rc.,l  =  0.01 14  £2 

Rc,2  =  0.0134  £2 

Gdii  =  8.975 

Gdiff  =  161.9 

ii dii  =  0.6793 
iidiff  =  0.9256 
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Fig.  2.  Impedance  spectra  recorded  during  electroformation  of  positive-electrode  of  lead-acid  cell,  (a)  After  1  h  of  soaking  followed  by  1  h  of 
electroformation  (note:  for  easier  comparison  of  both  spectra,  the  values  of  impedance  spectrum  recorded  after  1  h  were  multiplied  by  10);  (b)  for  the 
periods  of  time  ranging  between  2  and  9  h;  (c)  for  the  periods  of  time  ranging  between  10  and  50  h. 


that  the  first  stage  determined  by  Pavlov  et  al.  [12]  is  the 
sum  of  substages  Al  and  A2  distinguished  by  us  (see 
Table  1). 

Impedance  spectra  recorded  here  for  the  positive  elec¬ 
trodes  during  electroformation  (Table  2,  Fig.  2),  can  be  de¬ 
scribed  by  four  equivalent  circuits  dependent  on  the  time  of 
electroformation. 


^Q(Cdii[f?cti6diff])(^ct2fidi2):  from  3  to  5h  (substage 
A2), 


^Q(^cti6dii)(^ct2Gdl2):  from  0  to  2h  (substage  Al), 


^Q(^cti6diiXGdi2[^ct2Gdiff]):  from  7  to  14h  (substage 
Bl), 
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•  ^fi(^ctiGdli)(C[flct2Qdiff]):  from  19  to50h;  charged  elec¬ 
trode  (substage  B2). 


-QS 


c 

Ah 


]  Rce  KPdi 


Each  of  the  above  equivalent  circuits  describing  the  sep¬ 
arated  substages  of  electroformation  is  composed  of  the 
ohmic  resistance  and  two  subcircuits  of  RQ  in  series.  The 
number  of  individual  subcircuits  in  the  electrical  circuit  cor¬ 
responds  to  the  number  of  phases  distinguished  by  EIS  mea¬ 
surements. 

The  obtained  sequence  of  equivalent  circuits  allows  the 
assumption  that  the  process  of  electroformation  of  the  posi¬ 
tive  electrode  proceeds  through  two  stages  (A  and  B).  Con¬ 
cerning  the  above  circuits  for  both  stages,  we  distinguished 
two  substages  within  each  stage  (substages  A1  and  A2  for 
the  first  stage  and  substages  B 1  and  B2  for  the  second  stage). 
Substage  A1  is  controlled  by  charge  transfer  and  terminates 
after  about  2h  (Fig.  2a  and  b).  A  small  amount  of  charge 
passing  through  the  electrode  during  the  first  hour  of  electro¬ 
formation  strongly  contributes  to  the  decrease  in  internal  re¬ 
sistance  Rm  (Fig.  2a).  As  a  consequence,  the  electric  contact 
between  grid  and  positive  active  material  is  improved  which 
brings  about  the  decrease  in  element  Rct i  from  12.45  for 
the  electrode  before  starting  the  electroformation  process  to 
0.073  O  after  2  h  of  the  process  (Table  2). 

After  3  h  of  electroformation  the  equivalent  circuit 
matching  the  impedance  spectrum  changes  to 
tffi(Gdii  [Roll 6diff])(fict22di2)  (substage  A2)  and  the  process 
becomes  controlled  by  diffusion  described  by  element  Qdiff  ■ 
The  shape  of  impedance  spectrum  changes  considerably 
and  element  Qdii'f  associated  with  diffusion  appears.  This 
parameter  may  be  ascribed  to  the  diffusion  of  ions  inside  the 
porous  electrode  of  PbCE.  The  formation  of  Pb02  within 
the  active  material  of  electrode  starts  at  the  grid  of  electrode 
and  shifts  in  the  direction  of  electrolyte.  Because  the  forma¬ 
tion  of  PbCB  is  faster  and  faster  as  electric  contact  between 
grid  and  lead  oxide  is  improved,  the  diffusion  rate  of  sulfu¬ 
ric  acid  controls  the  conversion  of  PbO  and  3BS  to  PbCH. 
The  mechanism  proposed  here  for  substages  A1  and  A2  of 
electroformation  is  consistent  with  the  model  of  impedance 
spectrum  reported  by  Mauracher  and  Karden  [15].  Accord¬ 
ing  to  this  model,  the  impedance  spectra  recorded  in  the 
frequency  range  100-10  mHz  correspond  to  the  process 
controlled  by  diffusion  inside  the  porous  material. 

The  third  substage  (Bl)  begins  after  7  h  of  electroforma¬ 
tion  and  endures  up  to  14  h.  Impedance  spectra  recorded 
for  this  substage  of  electroformation  as  well  as  the  relevant 
equivalent  circuit  indicates  that  the  reaction  system  is  still 
composed  of  three  interfaces:  grid/Pb02,  PbCB/PbSCH  and 
PbSCU/electrolyte.  However,  as  seen  from  comparison  of  the 
equivalent  circuits  for  substages  A2  and  Bl,  element  Qdiff 


in  the  latter  circuit  displaces  from  the  interface  grid/PbCE  to 
PbCE/PbSOzt.  It  means  that  the  reaction  phase  moves  to  the 
outer  regions  of  electrode.  Such  a  system  is  in  accordance 
with  the  structure  of  the  electrolyte/PbC>2  interface  proposed 
and  described  by  Bottcher  and  Panesar  [3].  For  this  stage  of 
electroformation,  the  process  is  still  controlled  by  diffusion 
(the  value  of  element  Qdtff  for  which  n  —  0.60  is  close  to 
the  Wartburg  diffusion)  and  proceeds  in  the  inner  regions 
of  porous  structure  of  active  material.  The  values  of  capaci¬ 
tance  parameters  of  equivalent  circuit  increase  step  by  step 
as  the  time  of  electroformation  increases. 

The  last  substage  of  electroformation  (B2)  starting  for  the 
period  of  time  longer  than  19  h  of  charging,  is  associated 
with  the  formation  of  PbCF  near  the  electrode-electrolyte  in¬ 
terface.  The  equivalent  circuits  corresponding  to  this  as  well 
as  to  the  next  steps  of  electroformation  indicates  that  the  re¬ 
action  system  is  similar  to  the  previous  one  but  the  elements 
of  equivalent  circuits  describing  the  electrochemical  state 
of  the  positive  electrodes  undergo  to  the  ideal  capacitance. 
After  storing  enough  amount  of  charge  the  composition  of 
the  positive  active  material  becomes  homogenous  and  elec¬ 
trochemical  reaction  comprises  the  bulk  of  electrode.  As  a 
consequence,  constant  phase  element  Qdi2  in  the  equivalent 
circuit  for  substage  Bl  turns  into  element  C  (double  layer 
capacitance)  for  substage  B2.  It  indicates  that  the  oxidation 
of  PbSC>4  into  PbCH  is  preceded  by  charging  the  double 
layer  at  the  electrode/electrolyte  interface. 

At  present,  a  simple  comparison  of  the  calculated  val¬ 
ues  of  the  circuit  elements  for  positive  electrodes  is  very 
difficult.  During  electroformation,  the  positive  electrodes  of 
lead-acid  cell  undergo  complex  electrochemical  changes  in¬ 
volving  the  grid  corrosion,  the  formation  of  a-  and  (j-PbCT, 
the  diffusion  of  electrolyte,  etc.  After  soaking  the  elec¬ 
trode,  the  reaction  system  is  composed  of  three  compo¬ 
nents  (grid,  PbO  +  3BS,  electrolyte)  and  two  interfaces: 
grid/(PbO  +  3BS)  and  (PbO  +  3BS)/electrolyte  while  the 
successive  charging  changes  the  electrochemical  system  into 
grid/Pb02/PbO„ /electrolyte  (1  <  n  <  2).  Such  an  elec¬ 
trode  system  is  consistent  with  that  reported  by  Pavlov  et  al. 
[10,11,16],  where  electrode  grid  is  interconnected  with  the 
positive  active  material  by  corrosion  layer  formed  on  the 
grid  surface.  The  investigated  effects  arise  not  only  from  the 
surface  regions  of  electrode  but  also  from  its  interior.  For 
all  the  stages  of  the  electroformation  process  only  element 
Rq  corresponds  to  the  same  element  of  electrode  while  the 
other  elements  of  equivalent  circuit  describe  the  regions  of 
electrochemical  reaction.  These  regions  move  along  with 
PbCF  formation.  For  example,  the  value  of  element  Qdii  af¬ 
ter  5  and  7  h  of  electroformation  changed  from  239  to  52.74 
(Table  2).  A  similar  situation  was  after  14  and  19  h  of  the 
process.  Moreover,  it  was  found  that  the  non-inductive  range 
of  frequencies  was  conditional  on  states  of  electroformation. 
Owing  to  this,  the  limit  of  high  frequency  with  non-inductive 
character  can  be  used  as  sensitive  indicator  of  SOE  (Table  2). 

The  equivalent  circuit  for  the  positive  electrode  after  50  h 
of  electroformation  (/to(flctiGdii)(C[/?ct2Gdiff])  is  not  the 
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Potential  vs.  Hg/Hg2S04  [V] 

Fig.  3.  Cyclic  voltammograms  (the  second  cycles)  recorded  for  positive 
electrodes  after  different  hours  of  electroformation  (scan  rate:  2  mV/s). 

same  (two-phase  system)  as  that  for  fully  charged  posi¬ 
tive  electrodes  (Rq(Ql\\  [7?ct<2diff])  reported  by  Pavlov  and 
Petkova  [11].  One  of  the  reasons  for  this  discrepancy  is  that 
our  electrodes  were  not  subjected  to  the  charge/discharge 
cycling,  which  makes  the  complete  transformation  of  the 
starting  PbS04  electrode  materials  into  Pb02  easier. 

3.2.  CV  measurements 

The  cyclic  voltammetric  measurements  were  performed 
for  positive  electrodes  oxidized  earlier  for  various  times  of 
electroformation.  As  can  be  seen  in  Fig.  3,  CV  curves  well 
reflect  the  changes  in  the  kinetics  of  redox  reactions  de¬ 
pending  on  the  stage  of  electroformation  evaluated  from  EIS 
data.  The  susceptibility  of  electrode  to  oxidation  is  higher 
for  electrodes  representing  higher  stage  of  electroformation. 
CV  curve  for  electrode  electroformed  only  2  h  (substage  Al) 
exhibits  the  lowest  anodic  charge.  On  comparing  the  elec¬ 
trodes  electroformed  for  2  and  3  h,  the  lower  anodic  charge 
and  current  plateau  in  the  potential  range  1.35-1.55  V  ob¬ 
served  for  the  electrode  after  2  h  of  electroformation  may  be 
related  to  the  impeded  charge  transfer  resulting  from  hin¬ 
drances  remaining  at  the  grid/(PbO+3BS)  interface.  During 
the  backward  scan,  the  passive  layer  existing  on  the  elec¬ 
trode  grid  makes  the  recovery  of  charge  difficult  followed  by 
the  cathodic  reduction  starting  at  the  highest  overpotential. 
It  corresponds  to  the  lowest  potential  of  1 .20  V  at  which  the 
curve  pass  to  the  negative  side  of  the  CV  plot  (Table  3).  The 
anodic  charge  and  the  charge/discharge  reversibility  are  im¬ 
proved  for  electrode  electroformed  1  h  longer  (substage  A2; 
curve  for  3  h  in  Fig.  3).  Based  on  the  impedance  data  listed 
in  Table  2,  such  an  improvement  may  be  attributed  to  the 
change  in  the  mechanism  of  reaction.  Due  to  the  formation 
of  PbCB  on  the  surface  of  grid,  the  resistance  of  charge  trans¬ 
fer  at  the  grid/PbCF  boundary  decreases  markedly  bringing 
about  the  displacement  of  the  oxidized  substance  from  the 
inner  to  outer  regions  of  electrode.  For  this  electrode  (at- 


Table  3 

The  values  of  potential  corresponding  to  the  positive-negative  current 
change  during  the  backward  scan  (see  Fig.  3) 


Time  of  electroformation  (h) 

Potential  (V) 

2 

1.202 

3 

1.239 

5 

1.252 

9 

1.313 

19 

1.410 

taining  substage  A2),  the  kinetics  of  reaction  is  governed  by 
diffusion  of  sulfuric  acid  into  the  porous  stmcture  of  elec¬ 
trode.  The  character  of  CV  curve  after  5  h  of  electroforma¬ 
tion  is  generally  identical  to  electrode  oxidized  for  3  h.  The 
only  difference  is  the  increased  anodic  and  cathodic  charges 
resulting  from  higher  anodic  charge  accumulated  in  the  elec¬ 
trode  during  longer  electroformation  (note  that  the  second 
cycles  are  shown  in  Fig.  3).  CV  curve  for  electrode  electro¬ 
formed  for  9  h  (substage  Bl)  is  noticeably  different  in  com¬ 
parison  with  electrodes  oxidized  for  5  and  7  h.  The  higher 
total  anodic  charge  is  quite  understandable  because  of  longer 
time  of  electroformation.  More  interesting  is,  however,  the 
fact  that  the  increase  in  total  anodic  charge  is  greatly  con¬ 
tributed  by  the  process  occurring  at  lower  potentials  between 
1.0  and  1.3  V  (two  anodic  peaks  are  well  observed).  Such  a 
behavior  corroborates  the  conclusions  drawn  from  EIS  mea¬ 
surements.  As  mentioned  in  Section  3.1,  for  substage  Bl 
of  electroformation  the  oxidation  of  PbSC>4  to  PbCE  occurs 
on  PbC>2-covered  surface  of  grid  as  well  as  in  the  bulk  of 
electrode.  The  change  in  the  equivalent  circuits  on  going 
from  substage  Bl  to  B2  is  distinctly  reflected  on  CV  curve 
recorded  for  electrode  oxidized  for  19  h  (substage  B2).  Dur¬ 
ing  the  forward  scan,  the  anodic  current  increases  abruptly 
at  the  potential  of  about  1.0  V  and  forms  a  well  shaped  peak 
at  1.37  V.  Such  a  behavior  is  in  accordance  with  the  predic¬ 
tion  based  on  EIS  data  and  can  be  attributed  to  the  reaction 
involving  the  whole  of  electrode.  Among  all  the  examined 
electrodes,  this  electrode  gains  the  highest  anodic  charge 
and  the  process  of  electroreduction  starts  to  occur  at  the 
highest  potential  of  1.41  V  after  the  polarization  direction  is 
changed.  The  discharge  of  electrode  continues  down  to  the 
potential  of  1.1  V  and  then  accelerates  rapidly.  The  highest 
charge  is  regained  but  it  is  worthy  of  noting  that  the  ca¬ 
thodic  process  is  not  yet  terminated  at  the  reversion  poten¬ 
tial  of  0.8  V.  Despite  this,  it  is  clear  from  CV  curves  that 
the  charge/discharge  process  for  this  electrode  occurs  at  the 
narrowest  range  of  potential. 

4.  Conclusions 

The  electrochemical  impedance  spectroscopy  coupled 
with  cyclic  voltammetry  appeared  to  be  useful  tool  for 
evaluation  of  the  electrochemical  state  of  the  positive  elec¬ 
trodes  during  the  formation  process.  Based  on  EIS  data, 
it  was  shown  that  the  state-of-electroformation  (SOE)  can 
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be  described  by  the  equivalent  electrical  circuits  containing 
the  following  elements:  Rq  (ohmic  resistance),  C  (dou¬ 
ble  layer  capacitance),  f?cti,2  (charge  transfer  resistance), 
(?dii,2  (constant  phase  element  representing  double  layer 
capacitance),  Qdiff  (constant  phase  element  representing  the 
change  of  diffusion  layer).  It  was  found  that  the  limit  of 
high  frequency  of  non-inductive  character  can  also  be  used 
as  a  sensitive  indicator  of  SOE. 

Considering  12  SOEs  dependent  on  the  time  of  charg¬ 
ing,  for  the  process  of  electroformation  two  essential  stages 
(denoted  A  and  B),  associated  with  different  chemical  and 
electrochemical  properties  of  the  oxidized  electrode  mate¬ 
rial,  were  recognized.  However,  the  analysis  of  EIS  data  ob¬ 
tained  for  electrodes  oxidized  during  purposely  fixed  periods 
of  electroformation  allowed  us  to  distinguish  two  substages 
within  each  of  the  stage.  The  first  substage  (Al)  occurring 
at  the  beginning  of  the  process  is  controlled  by  charge  trans¬ 
fer  and  terminates  after  about  2h.  In  this  period  of  time, 
the  internal  resistance  Rct\  decreases  giving  rise  to  the  im¬ 
provement  of  the  electric  contact  between  grid  and  the  pos¬ 
itive  active  material.  After  3  h  of  electroformation  (substage 
A2),  the  process  changes  to  be  controlled  by  the  diffusion 
of  ions  inside  the  porous  electrode  of  PbC>2  (described  by 
element  Qdiff)-  The  formation  of  PbC>2  within  the  active  ma¬ 
terial  of  electrode  starts  at  the  grid  of  electrode  and  moves 
in  the  direction  of  electrolyte.  In  this  substage,  the  process 
involves  two  interfaces  (grid/PbCB  and  PbCB/PbO  +  3BS) 
and  the  diffusion  rate  of  sulfuric  acid  controls  the  conver¬ 
sion  of  PbO  +  3BS  to  PbC>2.  Substage  B1  (lasting  7-14  h) 
still  consists  of  the  two  interfaces,  but  element  Qdiff  in  the 
equivalent  circuit  obtained  in  this  substage  displaces  from 
the  interface  grid/PbCB  to  PbC^/PbSOzt.  This  feature  indi¬ 
cates  that  the  reaction  phase  moves  to  the  outer  regions  of 
electrode.  During  the  last  substage  of  electroformation  (B2), 
starting  at  19  h  of  charging,  the  formation  of  PbCB  near  the 
electrode-electrolyte  interface  develops. 

The  model  of  electroformation  proposed  based  on  EIS 
measurements  was  supported  by  CV  measurements  made 
for  electrodes  earlier  oxidized  for  such  time  intervals  to  at¬ 


tain  all  the  substages  of  electroformation.  It  was  shown  that 
the  hindrances  in  the  kinetics  of  redox  reactions  are  the  most 
pronounced  for  electrode  prepared  in  substage  Al.  The  situ¬ 
ation  changes  for  the  better  for  electrode  reaching  substage 
A2,  for  which  the  increase  in  both  the  anodic  charge  and 
the  charge/discharge  reversibility  is  noted.  Distinct  changes 
in  character  of  CV  curve  are  observed  for  electrode  oxi¬ 
dized  for  9h  (substage  Bl).  In  this  case,  the  anodic  charge 
markedly  increases,  the  oxidation  process  starts  at  lower  po¬ 
tential  and  the  reduction  process  is  initiated  at  higher  po¬ 
tential  as  compared  to  electrodes  electroformed  in  substages 
Al  and  A2.  The  electrode  representing  substage  B2  provides 
CV  curves  demonstrating  strongly  highest  charge  and  dis¬ 
charge  capacities.  The  oxidation  process  for  this  electrode 
starts  very  steeply  at  the  lowest  potential,  whereas  the  re¬ 
duction  process  occurs  with  the  lowest  overpotential. 
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